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Glia: much more
than the neuron’s
side-kick
Beth Stevens
Neuroscientists should have known
better. Ramon y Cajal, a visionary
whose contributions on neuronal
morphology and circuitry have
dominated modern neuroscience,
also made significant observations
about glia, the non-neuronal cells
in the brain. Yet his pioneering
work on glial cells was all but
ignored. Over a century ago, he
recognized the great numbers of
glia in the brain and their intimate
association with neurons. Though
their function was at that time a
mystery, he predicted that glia
must be doing more than simply
filling the spaces between neurons.
Not surprisingly, Cajal was
correct. Neuroscientists are now
catching up and discovering that
glia not only support a number of
essential neuronal functions, but
also actively communicate with
neurons and with one another. By
doing so, glia influence nervous
system functions that have long
been thought to be strictly under
neuronal control.
Types of Glial Cell
In the human brain, glia outnumber
neurons by a factor of ten, and
today we can readily identify
numerous glial cell types in the
vertebrate nervous system based
on their unique morphological and
biochemical features (Figure 1).
The myelinating glia —
oligodendrocytes in the central
nervous system (CNS) and
Schwann cells in the periphery —
provide the insulating layers of
myelin membrane around axons,
which allow neural impulses to
propagate rapidly over long
distances (Figure 1A,B). The other
major category of glia are
astrocytes, which have numerous
forms and functions in the CNS.
Classical neurohistologists divided
astrocytes into two main classes
that are distinguished by
morphology and location, and
perhaps by function as well.
Protoplasmic astrocytes found in
grey matter are closely associated
with synapses, while fibrillary (or
fibrous) astrocytes in white matter
contact nodes of Ranvier. Although
most roles of astrocytes remain a
great mystery, there is little doubt
that they buffer ions and
neurotransmitters in the
extracellular space. Astrocytic
processes also ensheath blood
vessels, where they may help to
regulate the development and
maintenance of the blood–brain
barrier by inducing tight junctions
between endothelial cells.
Moreover, astrocytes are, like most
glia, major sources of extracellular
matrix proteins, adhesion
molecules and neurotrophic
factors. The role of these signals is
still unclear, but they may help to
promote neuronal growth,
migration and survival. As we shall
see below, it is likely that
astrocytes have a variety of more
active roles as well.
Microglia comprise about 10%
of CNS glia, and exist in multiple
morphological states in the healthy
and damaged brain. Like other glial
cell types, much mystery still
surrounds their function. They may
act as internal ‘barometers’ of the
extracellular milieu, rapidly sensing
and communicating changes in the
levels of extracellular ions and
signaling molecules to neurons and
glia. Much like immune cells,
microglia elicit inflammatory
responses, and phagocytose
cellular debris in response to injury. 
The list of glial functions in the
nervous system is extensive and
continues to grow as we learn
more about their biology,
physiology and the mechanisms by
which glia communicate with each
other and with neurons.
Neuron–Glia and Glia–Glia
Communication
Unlike neurons, glial cells are
electrically inexcitable, one reason
why they have been largely ignored
by neuroscientists for much of the
last century. But, despite being
incapable of firing action
potentials, glia are in fact highly
active cells, communicating
primarily through chemical signals.
Like their neuronal partners, glia
express an array of voltage-gated
ion channels, membrane
transporters, neurotransmitter and
neurotrophic receptors. Thus, they
are well equipped to transmit and
receive signals to and from
neurons.
Glial calcium signaling is a
measurable indicator of excitability,
providing a powerful tool to study
glial cells in action. Time-lapse
calcium imaging in several model
systems has recently
demonstrated that glia located at
synapses, and in extrasynaptic
regions along axons, respond to
neuronal activity with an increase
in intracellular calcium. Likewise,
chemical or mechanical stimulation
of glia can elicit calcium responses
in nearby neurons. Moreover, glia
also actively communicate with
one another. Stimulation of one
astrocyte can trigger a local
elevation in astrocytic calcium
which can subsequently spread to
neighbouring astrocytes as a
calcium wave, which is propagated
at a rate of 100 m m/sec. The
mechanisms underlying astrocytic
calcium waves include local
diffusion of second messengers
through gap junctions and
extensive chemical signaling along
astrocytic networks. Extracellular
ATP released from stimulated
astrocytes activates purinergic
receptors on neighboring
astrocytes, which can propagate
calcium signaling over significant
distances. The function of
astrocytic calcium signaling is
unknown. The realization that
neurons and glia actively
communicate with one another
through reciprocal chemical and
trophic signals suggests that many
important roles for glia in nervous
system development, plasticity and
disease remain to be identified.
Glia Regulate Nervous System
Development
As glia are a major source of
trophic factors, it is not surprising
that they are proposed to be
critical regulators of neuronal
migration, growth and survival
during development — consistent
with their well-accepted support
role. A classic example is the role
of radial glia in neuronal migration
early during development. These
specialized glia provide a
temporary scaffold for the
migration of newborn cortical and
cerebellar neurons. Their long
radial fibers extend from the
ventricular to the pial surface and
serve as permissive ‘guidance
cables’ for neurons en route to
their final target area in the brain.
In addition to serving as a
structural framework, radial glia
provide important trophic support
for migrating neurons.
Interestingly, some radial glia cells
are neural stem cells that generate
pyramidal neurons in the cerebral
cortex. These recent findings raise
the question whether radial glia are
glia cells after all.
Like most aspects of neural
development, neuronal pathfinding
and axon guidance have been
largely viewed from a neurocentric
perspective. New research using
molecular and transgenic
approaches is revealing a much
more dynamic and instructive role
for glia in the development of brain
topography. Glia are now believed
to play a pivotal role in directing
axonal growth — either as
‘guideposts’ for pioneering axons
along a pathway or at key
‘decision/choice points’, such as
the midline of the nervous system.
It turns out that midline glia
provide a number of positive and
negative navigational cues that
direct commissural axons to either
cross or not cross the midline. In
Drosophila, for example, midline
glia secrete the chemoattractant
Netrin, as well as chemorepellent
Slit — two molecules previously
thought to be secreted by
neuronal cells at the midline. In the
mouse, a parallel situation is
exemplified by glia at the optic
chiasm directing retinal ganglion
axons from the left and the right
eye to either cross the chiasm
toward the contralateral visual
cortex or to continue along
ipsilateral tracts.
Nervous system development is
dependent on reciprocal and
interactive trophic signaling
between neurons and glia. For
instance, there are several major
ways by which neural cells signal
each other to survive. First,
neurons can signal to each other
according to the classic
‘neurotrophic hypothesis’, which
states that neuronal survival is
dependent on competition of
growing axons for limiting amounts
of target-derived factors. Genetic
studies in the mouse strongly
suggest that neuron survival is also
highly dependent on ability of
neurons to provide trophic support
to developing glia, which in return
secrete a vast array of
neurotrophic factors to neurons. A
prime example is neuregulin-
dependent signaling between
developing Schwann cells and
peripheral axons. Axon-derived
neuregulin-1 is required for
Schwann cell survival, proliferation
and lineage progression.
Importantly, however, axonal
neuregulin also regulates the
production of trophic factors by
Schwann cells, which in turn
feedback onto sensory neurons to
promote their survival and
differentiation.
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Figure 1. Major categories of glia in the nervous system.
(A) Non-myelinating Schwann cells appear spindle shaped when cultured without axons
(left). Myelinating Schwann cells extend multiple wraps of myelin membrane around a
single axonal segment. Myelinated segments are interrupted by regularly spaced Nodes
of Ranvier, which serve to propagate action potentials. (B) A cultured oligodendrocyte dis-
plays several elaborate extensions of myelin membrane. In contrast to Schwann cells, a
single oligodendrocyte can myelinate multiple axons (right). (C) Astrocytes do not form
myelin, but they communicate with neurons, glia, and blood vessels to regulate diverse
functions in the CNS. Cultured rodent astrocytes are pictured on the left. (Drawings
adapted from Figure 2,3, Kandel, Schwartz, and Jessell.)
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New research points toward a
critical role for glia also in synapse
formation. In vitro studies in the
visual system have demonstrated
that retinal ganglion cells form
fewer synapses without continuous
signaling from astrocytes. Synapse
number and efficacy are
significantly compromised in a
glia-less environment. However,
this reduction can be rescued by
addition of astrocytes or medium
conditioned by astrocyte cultures,
suggesting the involvement of a
soluble glial signal. In addition,
cholesterol, secreted from
astrocytes and bound to ApoE, is
internalized by neurons and
significantly increases synapse
number and efficacy. While the
specific molecular mechanisms
and signaling pathways, by which
astrocytes and/or cholesterol
regulate synapse formation, are
not known, these studies have
broad implications for the
involvement of glia in
synaptogenesis in other areas of
the brain.
Glia as Regulators of Synaptic
Activity and Plasticity
There is little question that glia
perform several regulatory roles
essential for normal
neurotransmission. Astrocytic
processes surround pre- and
postsynaptic neurons, where they
rapidly clear and recycle ions and
neurotransmitters from the
synaptic cleft. During
neurotransmission, glutamate is
taken up by astrocytes, converted
into glutamine, and then released
into the extracellular space.
Subsequently, neurons take up
glutamine to synthesize the
excitatory and inhibitory
neurotransmitters glutamate and
GABA, respectively. Importantly,
astrocytes also buffer K+ and other
ions released during
neurotransmission and protect
neurons from excessive glutamate
and other forms of toxicity.
While these classic glial
functions are critical in regulating
neuronal activity, emerging
evidence is revealing a far more
dynamic role for glial cells at the
synapse. The realization that glia
signal back to neurons to directly
modulate synaptic activity has led
to a re-definition of the synapse.
The ‘tripartite synapse’ has been
proposed to incorporate synaptic
glia as the third participant,
actively communicating with pre-
and post-synaptic neurons (Figure
2, inset). We now know that
perisynaptic astrocytes in the CNS
and terminal Schwann cells,
surrounding neuromuscular
junctions in the peripheral nervous
system (PNS), respond to synaptic
release of neurotransmitters, such
as glutamate and ATP, with
increases in intracellular calcium.
This activity-dependent calcium
flux can regulate glial intracellular
signaling pathways, gene
expression and trigger the release
of neuromodulators back to the
presynaptic neuron. Whether this
glial transmission is excitatory or
inhibitory appears to depend on
which types of signaling pathways
are activated in glia during
synaptic transmission. Elegant
electrophysiogical and imaging
studies performed at the intact
frog neuromuscular junction have
demonstrated that activity-
dependent activation of specific
signaling cascades in terminal
Schwann cells can integrate
synaptic activity and directly
influence neuronal activity. For
example, sustained IP3-dependent
calcium flux in perisynaptic
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Figure 2. Dynamic reciprocal communication between neurons and glia in the brain.
Multiple types of glia actively communicate with neurons and with each another to reg-
ulate diverse brain functions. The end-feet of astrocytic processes actively modulate
synaptic activity (inset). Synaptic release of neurotransmitters is detected by post-
synaptic neurons and synaptic glia, which express receptors for ATP (P2R), glutamate
(GluR) and other activity-dependent signals. Synaptic activity triggers calcium flux and
activation of signal transduction cascades in surrounding astrocytes. This regulates
transmitter release from astrocytes, which can feedback to synaptic terminals and acti-
vate neighbouring astrocytes via a calcium wave (illustrated in red). Microglia also
actively respond to synaptic signals, especially following damage or excessive activity.
Bi-directional and activity-dependent communication also occurs between myelinating
glia and axons during development.
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Schwann cells can regulate
synaptic strength, whereas
synaptic activation of G-protein
signaling cascades in Schwann
cells can affect synaptic
depression.
Active communication between
astrocytes contributes an
additional layer of complexity to
synaptic signaling in the CNS. As
illustrated in Figure 2,
neurotransmitters released by
presynaptic neurons do not only
signal to post-synaptic neurons
and terminal astrocytes, but can
also trigger massive calcium
waves through astrocytic
networks, which could transmit
synaptic signals over extensive
cortical areas. Taken together,
these new findings suggest broad
implications for the involvement of
glia in activity-dependent synaptic
plasticity during developmentally
critical periods, learning and
memory, as well as information
processing within neural circuits. In
fact, the primary function of
protoplasmic astrocytes now
appears to be to regulate synapse
development, function, and
plasticity, all of which are the result
of active dialogues with nearby
neurons.
Injury, Regeneration and
Myelination
Glia are major determinants of how
the nervous system responds to
damage or traumatic injury. Why
do peripheral nerves regrow and
reinnervate targets after injury,
while central axons fail to
regenerate? The answer lies in the
fundamental differences between
the types of glial signaling in the
central and peripheral nervous
systems.
In the adult PNS, the glial
influence on nerve repair is
generally positive. If mature
Schwann cells detach from
damaged axons, they rapidly de-
differentiate into a population of
highly plastic cells that resemble
immature Schwann cells. Despite
the loss of axon contact, such cells
survive, re-proliferate, and provide
an instructive and permissive
environment for axonal regrowth.
Once the appropriate number of
Schwann cells is generated,
ensheathment and re-myelination
are initiated along regenerated
axons. Schwann cells are also
instrumental in the maintenance
and repair of synaptic connections
in denervated peripheral targets.
Terminal Schwann cells are
exceptionally sensitive to damage
signals from muscle cells and
directly promote axon sprouting at
denervated neuromuscular
junctions. Immediately after nerve
transection or injury, terminal
Schwann cells become ‘reactive’
and extend long lamellipodial
extensions that form a ‘bridge’ that
facilitate pioneer axons to
reinnervate endplates.
In the CNS, the environment
following neurotrauma is
dramatically different to the PNS.
Damaged central axons do not
generally regenerate or become re-
myelinated. Astrocytes and
microglia, which in the healthy
brain promote and protect nerve
growth and activity, undergo
significant changes in morphology
and function. Microglia rapidly
transform into phagocytic cells,
initiate inflammatory responses
and release an array of cytokines,
ions and cytotoxic substances,
which promote neurodegeneration,
astrocyte swelling, and impair
synaptic transmission. Astrocytes
also become ‘reactive’ within a few
hours of brain injury and undergo
changes in morphology and
proliferation, thereby releasing
many signals that damage neurons
and other glia.
There are several reasons for the
failure of CNS regeneration — all
involving glia. The inflammatory
response mediated by microglia
and astrocytes certainly hinders
axon repair, but astrocytes can
also act as a physical and
chemical barrier to axon growth
through formation of a gliotic ‘scar’
around the injury site. In addition,
myelinating oligodendrocytes
produce several inhibitors to
axonal growth, such as myelin-
associated glycoprotein (MAG) and
Nogo surface molecules, which are
expressed in CNS, but not PNS
myelin. These mechanisms clearly
illustrate that neuron–glia
communication is not always
beneficial, but understanding the
specific mechanism underlying the
differences in CNS and PNS injury
repair, will probably aid in the
development of therapeutic
strategies to treat injury and
degenerative diseases. For
example, use of neutralizing
antibodies against Nogo, as well as
transplantation of Schwann cells
into CNS injury sites have yielded
promising results. Also,
development and regeneration
show several parallels; therefore,
understanding the mechanisms
regulating neurite outgrowth and
myelination during development
will be likely to shed light on the
mechanisms underlying disease
and injury.
A Bright Future for Glial Cells
Collectively, these examples
suggest that any brain function,
traditionally considered to be
regulated solely by neuron–neuron
communication, could involve glial
cells. The inclusion of this new
dimension to neural circuitry is
gradually shifting long-standing
neurocentric perspectives on how
the brain works. With the growing
realization that glial cells are active
participants in nervous system
function, a new area of
neuroscience has emerged, in
which there is much to explore and
re-explore.
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